1. Introduction {#s0005}
===============

The prognosis for glioblastoma (GBM), the commonest primary malignant brain tumor in adults ([@bb0075]) is poor with a 1-year survival rate of 36.5% ([@bb0185]). Standard treatment involves surgery to remove as much of the tumor as possible, followed by combined radiation and chemotherapy with temozolomide ([@bb0250]). GBM is characterized by pronounced invasiveness, as well as extensive intra- and inter-tumor heterogeneity ([@bb0190], [@bb0245], [@bb0265]).

Transcript profiling in combination with analysis of genomic aberrations have revealed distinct molecular subtypes of GBM ([@bb0045], [@bb0195], [@bb0265]). The most commonly used classification is that presented by The Cancer Genome Atlas Research Network (TCGA), which describes four subtypes ([@bb0265]), *i.e.* Proneural, Classical, Mesenchymal and Neural GBM. These are defined primarily on the basis of their particular transcriptional signatures but can be associated, at least statistically, with distinctive genetic aberrations. Proneural tumors exhibit a higher frequency of *PDGFRA* or *IDH1* mutations, as well as a G-CIMP^+^ (glioma-CpG island methylator phenotype) subgroup that displays global hypermethylation, which overlaps with *IDH1* mutations. Patients with G-CIMP^+^ tumors are younger at the time of diagnosis and have a survival advantage ([@bb0045], [@bb0175]). Classical tumors demonstrate high rates of *EGFR* amplification and homozygous deletions of *CDKN2A*; mesenchymal samples often harbor hemizygous deletions of *NF1*; whereas no distinctive mutations have yet been found in neural GBMs. Subtyping is complicated by the pronounced intratumor heterogeneity and different regions of one and the same tumor can be classified differently ([@bb0245]). In addition, single-cell sequencing of cells from five patients has revealed a mixture of subtypes even at the cellular level in each individual patient ([@bb0190]).

There is a high demand for readily available and relevant cell models of GBM. For 30 years, several GC lines, including U87 (\> 1900 citations in PubMed), U251 (\> 1100 citations) and T98G (\> 900 citations), have been employed extensively in this context, providing valuable knowledge about this type of tumor. However, these models are imperfect for several reasons. First, the serum-containing medium in which these standard cell lines are cultured alters both their genomes and transcriptomes and causes depletion of stem cell-like tumor cells ([@bb0140]). Secondly, tumors formed by injection of such cell lines into the brains of mice fail to develop the defining morphological features of GBM, such as diffuse infiltration into surrounding healthy tissue and microvascular proliferations ([@bb0140], [@bb0155], [@bb0205], [@bb0280]). And third, the lack of systematic clinical characterization of the tumors from which the current GC lines derive makes it impossible to correlate findings with these models to patient parameters.

There is ample evidence that a minor subset of GBM cells (GCs), denoted glioblastoma stem cells (GSCs) are likely responsible for relapse because they possess a unique capacity for growth and progression ([@bb0025], [@bb0085], [@bb0135], [@bb0180], [@bb0235], [@bb0240]) and are particularly resistant to therapy ([@bb0015], [@bb0040], [@bb0060]). Research designed to improve GBM culture conditions has shown that GSCs can be readily cultured as spheres, utilizing the same conditions as for normal neural stem cells ([@bb0100], [@bb0105], [@bb0230]). Moreover, orthotopical transplantation of such spheres into mice generated secondary tumors that retained the features of the primary tumor ([@bb0085]), which was also the case after injection of adherent cultures of GSC ([@bb0285], [@bb0200]). Recent extensive work characterizing orthotopic xenograft models showed that acutely transplanted patient-derived GCs mimicked well the histopathology, genomics and phenotypic properties of the corresponding patient\'s primary tumor ([@bb0115]). This study provides an important platform for accurate *in vivo* modeling of GBM but cannot fully meet the need for cell-based models.

Since GSCs cultured under stem cell conditions more accurately mirror GBM biology and because such models are increasingly in demand, we have created a novel library of well-characterized GC cultures that we make publicly available here. We describe the establishment and characterization of 48 sustainable GC lines, derived from Swedish patients during the period of 2009--2012, and including all four molecular subtypes, a biobank we refer to as the Human Glioblastoma Cell Culture (HGCC) resource. This information, along with clinical variables, is also available online ([www.hgcc.se](http://www.hgcc.se){#ir0020}). The utility of this database is reflected in the fact that several of these cell lines have already been shared and used to discover a novel potent candidate drug for treatment of GBM ([@bb0125]), as well as in a number of other studies ([@bb0270], [@bb0005], [@bb0220], [@bb0210], [@bb0290]).

2. Materials & Methods {#s0020}
======================

2.1. GBM Patients and Glioma Cell Cultures {#s0025}
------------------------------------------

Surgical specimens and clinical records for 102 adult patients with glioma were obtained from Uppsala University Hospital in accordance with protocols approved by the regional ethical review board and after obtaining written consent by all of the patients. Most of the tumor specimens were obtained directly from the operating theater, but in some cases from Clinical Pathology. Following World Health Organization (WHO) guidelines ([@bb0150]) neuropathologists classified the tumors as grades II--IV. The surgical samples were rendered anonymous and coded. A piece of each was stored at − 70 °C for later RNA extraction and another piece fixed with formalin and embedded in paraffin for histological analysis. The remainder of the specimen was explanted as described in detail in the Extended Experimental Procedures.

2.2. Analysis of Global Gene Expression and Classification of the Molecular Subtype of the GC Lines {#s0030}
---------------------------------------------------------------------------------------------------

Total RNA extracted from 48 GC lines using the RNeasy Mini kit (Qiagen) was labeled and hybridized on Affymetrix GeneChip Human Exon 1.0 ST arrays. Expression levels were RMA-normalized employing the Affymetrix Expression Console software. The GC lines were classified with the *k*-nearest neighbor approach, and bootstrap aggregation in which the classification was repeated 1000 times, each time using a subsampled version of the TCGA dataset (529 randomly selected cases, sampled with replacement from the original dataset). Isomap analysis was applied to visualize the GC lines and TCGA samples in two dimensions. The details of data analysis are provided in the Extended Experimental Procedures. Expression data is made available *via* NCBI Gene Expression Omnibus (GSE72217) and hgcc.se.

2.3. Analysis of Gene Expression by NanoString Technology and Assignment of a Subtype to the Surgical Samples and GC Lines {#s0035}
--------------------------------------------------------------------------------------------------------------------------

To determine molecular subtypes, RNA extracted from 22 specimens of fresh frozen human glioma using TRIzol and from the corresponding GC lines in the same manner as described above, was used in a custom-made assay by NanoString Technology. For further details, see the Extended Experimental Procedures.

2.4. Proliferation Assay {#s0040}
------------------------

The proliferation of 13 GC lines was assessed by the AlamarBlue assay (Invitrogen) and that of 18 other lines by Trypan blue exclusion on Countess Cell Counting Chamber Slides (Invitrogen). See the Extended Experimental Procedures for additional details.

2.5. Analysis of the *In Vivo* Tumorigenicity of the GC Lines {#s0045}
-------------------------------------------------------------

All animal experiments were performed in accordance with the rules and regulations of Uppsala University and approved by the local animal ethics committee. Neonatal non-obese diabetic-severe combined immunodeficiency (NOD-SCID) mice (P1--3) were injected intracerebrally with 1.0 × 10^5^ human GCs, as summarized in Table S6. The mice were sacrificed when they showed symptoms or otherwise 20 weeks after injection and their brains were analyzed for xenograft tumors. See the Extended Experimental Procedures for additional details.

2.6. Analysis of Aberrations in DNA Copy Number {#s0050}
-----------------------------------------------

DNA isolated from 48 GC lines using the DNeasy blood and tissue kit (Qiagen) was profiled on Affymetrix Cytoscan arrays at the Uppsala Academic Hospital Array and Analysis facility, in accordance with the manufacturer\'s instructions. Identification of segments carrying altered numbers of copies was achieved with the Patchwork R package ([@bb0160]), which quantifies the log-relative change in DNA content for each chromosomal region. CNA data is made available *via* NCBI Gene Expression Omnibus (GSE72209) and hgcc.se. See the Extended Experimental Procedures for additional details.

2.7. Subtype Stability *In Vitro* and *In Vivo* {#s0055}
-----------------------------------------------

RNA was prepared from cells and tumor tissue and analyzed on the Affymetrix HTA 2.0 platform. See the Extended Experimental Procedures for additional details. Expression data is made available *via* NCBI Gene Expression Omnibus (GSE72218) and hgcc.se.

2.8. Statistical Analyses {#s0060}
-------------------------

The unpaired t-test was used for comparison of two groups, a one-way ANOVA for comparison of more than two groups; and the log-rank test for survival curves. Statistical significance was defined as p ≤ 0.05. Cox regression was performed using the package *rms* in R 3.1.2. All statistical analyses were carried out with the GraphPad Prism6.0 software.

3. Results {#s0010}
==========

3.1. The Cohort of Patients and *In Vitro* Cell Cultures {#s0065}
--------------------------------------------------------

From 101 patients (including 13 duplicate samples from the same individuals and 9 relapse samples) who underwent surgery for suspected high-grade glioma, 114 surgical specimens were explanted (Table S1). Following dissociation, the tumor cells were first cultured as spheres in defined serum-free media and after 5--7 days transferred to laminin-coated dishes for further propagation as adherent monolayer cultures. In connection with both of these steps, the pattern of growth of cells from different patients varied extensively. Most of the primary cell cultures did not readily form spheres, but instead formed smaller aggregates of cells, many of which could still be effectively expanded on laminin. Most cultures that ceased to grow did so early in the process, usually not even producing an adherent culture that could be subjected to the first passage. After a culture had undergone 8--10 passages and continued to proliferate, it was considered a sustainable GC line. Many have now undergone 20 passages or more. From 94 GBM surgical specimens (82 patients) 53 GC lines were established. Two parallel lines were produced from each of two GBM patients (U3084MG and U3086MG; U3117MG and U3118MG), and one (U3054MG) was established from a GBM that recurred after the patient had undergone surgery and radiotherapy (50.4 Gy in total). We also established one cell line from a grade III tumor but none from grade II tumors.

Here, we describe 48 of the GBM-derived GC lines obtained (Table S2). Initially, for identification and future authentication, multiplex short tandem repeat (STR) profiling was performed on most of these (Table S2, Table S3). The ability of GCs to form renewable neurospheres has been correlated to shorter GBM patient survival ([@bb0130]). To evaluate if also the ability of GCs to be maintained as adherent cultures could be a predictor of survival we compared patients from which one or more GC lines could be established to those from which no cell line was produced. We found a significant correlation between successful establishment of a GC line from a patient\'s tumor and a shorter patient survival ([Fig. 1](#f0005){ref-type="fig"}A). It is well established that age at the time of diagnosis is a major determinant of GBM patient survival ([@bb0045]) and to investigate if this also holds true for our patient cohort all GBM patients were divided by quartiles based on age, and survival was compared between the youngest patients below the first quartile, the intermediate patients between the first and third quartiles, and the oldest patients above the third quartile. As expected, our younger GBM patients survived significantly longer ([Fig. 1](#f0005){ref-type="fig"}B). The age of patients from whose tumors a GC line could be established was significantly higher ([Fig. 1](#f0005){ref-type="fig"}C), and, accordingly, a Cox multivariate analysis of both these parameters (ability to be propagated in culture and age) showed that only age was a significant predictor of survival. This is an interesting observation and could indicate that shorter survival in the older population is due to inherently more aggressive tumor cells rather than factors such as differences in the extent of resection or type of treatment, although the influence by changes in the microenvironment due to aging cannot be excluded.

3.2. Subtyping of the GC Lines and Tumor Samples From Which They Were Derived {#s0070}
-----------------------------------------------------------------------------

Global gene expression (employing Affymetrix GeneChip Human Exon 1.0ST Arrays) followed by subtype classification was performed on 48 of the GC lines. In a first unsupervised analysis we combined z-scores for mRNA expression levels for 765 subtype classification genes ([@bb0265]) across 529 TCGA tissue samples and our 48 GC lines, and mapped them into a 2-dimensional space using Isomap, a dimensionality reduction technique applicable to grouping of cancer samples ([@bb0170], [@bb0260]). The resulting Isomap ([Fig. 1](#f0005){ref-type="fig"}D) confirmed a clear separation of the Classical, Mesenchymal and Proneural TCGA subtypes and showed that our GC lines with similar transcriptional profiles were interspersed among them, suggesting that these three subtypes are well represented in our collection.

We then classified each individual GC line as Proneural, Classical, Mesenchymal or Neural using the TCGA cohort of GBM (n = 529) as a reference. For this purpose, we applied a supervised classification method, the *k*-nearest neighbor algorithm (KNN) to assign each line to a class ([Fig. 2](#f0010){ref-type="fig"}A). To assess the stability of these assignments we utilized statistical bootstrapping ([@bb0110]); applied in this context, bootstrapping means that we repeated the classification 1000 times for each cell line, each time using a subsampled version of the TCGA data set ([Materials and Methods](#s0020){ref-type="sec"}). With this simulation, 38 of the cell lines were assigned to the same classification at least 90% of the time (*i.e.* same subtype in at least 900 out of 1000 bootstrap simulations), whereas the classification of the remaining 10 varied. For instance, U3033MG was classified as intermediate between Classical and Proneural ([Fig. 2](#f0010){ref-type="fig"}A). Overall, the distribution of the cell lines between different subtypes was similar to the TCGA analysis of tumor tissue ([@bb0265]) with the most being Mesenchymal, followed by Classical, Proneural, and Neural in that order. The cell lines derived from two separate samples from the same patient (U3084MG and U3086MG; U3117MG and U3118MG) were of the same subtype. The cell line derived from a recurrent GBM (U3054MG) was classified as Mesenchymal.

For one subset of samples (n = 22) we analyzed the molecular subtype of both the primary tumor and the corresponding GC line ([Fig. 2](#f0010){ref-type="fig"}B). Since the tissue RNA was too degraded (due to long handling times in connection with surgery) for microarray hybridization, we assessed gene expression employing NanoString Technology and a custom set of probes (Table S4) designed by Drs. Cameron Brennan and Jason Huse at the Brain Tumor Center, Memorial Sloan-Kettering Cancer Center ([@bb0120]). In 10 cases the tissue and corresponding GC line were of the same subtype. The differences in the remaining 12 cases could have many causes, including intratumoral heterogeneity ([@bb0190], [@bb0245]) and clonal selection during culturing ([@bb0165]). The slight discrepancy of 23% in classification of GC lines when comparing the results from the Affymetrix and NanoString Technology approaches probably reflects the different gene signatures used. This difference is modest and as a benchmark we also classified the TCGA GBM samples for which there were data from two different platforms (Affymetrix and Agilent), which showed a discrepancy of 29% between the two platforms although the same gene signature was used in this case (Fig. S1). Altogether, these analyses demonstrate that much of the inter-tumoral GBM heterogeneity can be modeled by using neural stem cell culture conditions. The subtype that we finally assigned each GC line and use hereafter is based on the Affymetrix array ([Fig. 2](#f0010){ref-type="fig"}A).

Molecular subtyping of GBM tissue has proven to be of only limited value in predicting patient survival, with the most striking difference being a less favorable survival 15 months after diagnosis for patients with G-CIMP^+^ and IDH1 mutated Proneural GBM in comparison to all other GBM patients ([@bb0045]). Analysis of our patients revealed a trend towards worse survival among patients from whose tumors GCs of the Proneural subtype were obtained ([Fig. 3](#f0015){ref-type="fig"}A). This observation suggests that most of our Proneural GC lines were derived from GBMs carrying wildtype IDH1, in line with a previous report that showed that G-CIMP^+^ GCs survive poorly under defined culture conditions ([@bb0010]). Indeed, exome sequencing of our cell lines did not detect any mutations at codon R132, the most frequently mutated site in the IDH1 ([@bb0275]) (Table S1, Table S5), indicating that all of our lines are G-CIMP^−^ ([@bb0175]).

3.3. A Low Rate of Proliferation Predicts Better Survival {#s0075}
---------------------------------------------------------

We evaluated the growth rates of 31 GC lines by measuring cell density and normalized the results from days 4 and 7 to that on day 1 ([Fig. 3](#f0015){ref-type="fig"}B). On the basis of their proliferative capacity on day 7, cell lines below the first quartile were designated "low proliferation", between the first and third quartiles "intermediate proliferation", and above the third quartile "high proliferation" ([Fig. 3](#f0015){ref-type="fig"}B), and the cell lines in these groups are listed from the highest to the lowest proliferative capacity in [Fig. 3](#f0015){ref-type="fig"}C. The Proneural GC lines grew more rapidly than the other three subtypes, while the Classical lines grew most slowly ([Fig. 3](#f0015){ref-type="fig"}D). Moreover, we found that patients whose tumors gave rise to GC lines designated "low proliferation" exhibited significantly better survival than the "high" and "intermediate proliferation" groups ([Fig. 3](#f0015){ref-type="fig"}E), which were similar in this respect. There was no significant difference in age between these three groups, but when both age and proliferative capacity were included in a multivariate Cox-regression, only the effect of age remained significant, indicating that this factor is the most important predictor of survival.

3.4. All of the GC Lines Expressed SOX2 and NESTIN {#s0080}
--------------------------------------------------

Expression by 27 GC lines of the commonly used cell lineage markers SOX2 (sex determining region Y (SRY)-box 2), NESTIN, GFAP (glial fibrillary acidic protein), OLIG2 (oligodendrocyte transcription factor 2), S100B (S100 calcium binding protein B) and TUBB3 (beta 3 class III tubulin) was examined by immunostaining and [Fig. 4](#f0020){ref-type="fig"}A depicts representative staining patterns for one cell line of each subtype. SOX2, a marker of neural stem and progenitor cells ([@bb0095]), was expressed by almost all of the cells in all lines stained ([Fig. 4](#f0020){ref-type="fig"}B), indicating that an immature stem cell-like population of GCs had been propagated. NESTIN, a stem- and progenitor cell marker ([@bb0070], [@bb0145]), was also expressed by most of the cells in all lines ([Fig. 4](#f0020){ref-type="fig"}C). While the expression of SOX2 and NESTIN was highly uniform, expression of GFAP ([Fig. 4](#f0020){ref-type="fig"}D) and OLIG2 ([Fig. 4](#f0020){ref-type="fig"}E) varied widely. Further, a large proportion of Mesenchymal lines show a lower expression of Olig2 (Fig. S2A--B). The neuronal lineage marker TUBB3 and the astrocytic marker S100B ([Fig. 4](#f0020){ref-type="fig"}A) were expressed to varying extents within and between the GC lines, being co-expressed in the same cells in approximately 80% of the cultures and thereby displaying aberrant lineage commitment, a feature characteristic of cancer stem cells ([@bb0085]).

3.5. Tumorigenicity of the GC Lines {#s0085}
-----------------------------------

To test the capacity of our GC lines to produce secondary tumors, 1 × 10^5^ cells from 30 different GC lines (of which two, U3084MG and U3086MG were derived from the same patient) were injected intracranially into NOD-SCID mice (Table S6). These animals were sacrificed when they showed symptoms, or, otherwise, at 20 weeks after the injection ([Fig. 5](#f0025){ref-type="fig"}A--D). Interestingly, all of the Proneural, Neural and Classical cell lines gave rise to macroscopic tumors that could be visualized by hematoxylin and eosin (H&E) staining, whereas only 7 out of the 17 Mesenchymal cell lines generated such tumors ([Fig. 5](#f0025){ref-type="fig"}D--E). To distinguish xenografted human tumor cells from murine cells we stained tissue sections with the human-specific STEM121 antibody ([Fig. 5](#f0025){ref-type="fig"}F--G and S3A--C, lower panels), and found that this staining overlapped well with the H&E staining ([Figs. 5](#f0025){ref-type="fig"}F, S3A--C). At the same time we could detect single human GCs in the brains of the mice injected with 8 of the cell lines that did not generate macroscopic tumors ([Fig. 5](#f0025){ref-type="fig"}G, lower right panel).

Mice with tumors caused by Proneural GC lines displayed the shortest survival compared to mice injected with cells of the other subtypes ([Fig. 5](#f0025){ref-type="fig"}H), with the most significant difference being to brain tumors caused by Mesenchymal GC lines. This goes well in line with the higher proliferative capacity of Proneural lines ([Fig. 3](#f0015){ref-type="fig"}D) and the reduced survival of non-G-CIMP Proneural patients ([@bb0045]), suggesting a more aggressive GC phenotype in non-G-CIMP Proneural GBM.

Twenty of the 30 GC lines gave rise to tumors that were often large, cell-dense, diffuse and invasive within 20 weeks ([Figs. 5](#f0025){ref-type="fig"}F and S3A--C). Their histopathology was similar to that of gliomas grades III--IV with characteristic features such as cellular pleomorphism (Fig. S3D--G), atypical nuclei (Fig. S3D--G), diffuse infiltration (Figs. S3A, S3C, S3D), mitotic figures (Fig. S3E), increased vascularity (Fig. S3F) and in some cases, pseudopalisading necroses (Fig. S3G). Some had spread diffusely throughout the brain parenchyma (Fig. S3A), while others grew expansively in nodular patterns, clearly demarcated from the normal parenchyma (Fig. S3B). Although there were such differences between GC lines, individual tumors derived from the same cell line exhibited highly similar histopathology. These differences in tumorigenicity and histopathology most likely reflect the extensive heterogeneity of GBMs and indicate that we can maintain their distinct properties both *in vitro* and *in vivo*.

The histopathology of a subset of these secondary tumors in NOD-SCID mice was compared to that of the corresponding primary patient tumor ([Fig. 5](#f0025){ref-type="fig"}I). Mitotic tumor cells (white arrows), and apoptotic cells with condensed nuclei (white arrowheads) were numerous in both types of tumors. With certain GC lines (*e.g.* U3047MG, U3021MG and U3020MG) we observed striking similarities between the human GBM and corresponding mouse tumor while others (*e.g.* U3004MG) were less similar ([Fig. 5](#f0025){ref-type="fig"}I). To summarize, the xenografted tumors in mice had the hallmarks of high-grade gliomas but did not always display the same histopathology as the primary tumor from which the GC line was isolated.

3.6. Genomic Similarity of the GC Lines to the TCGA GBM Cohort {#s0090}
--------------------------------------------------------------

Analysis of copy number aberration (CNA) in all of our 48 GC lines employing Affymetrix Cytoscan HD arrays containing more than 2.6 million probes revealed changes characteristic of glioblastoma, such as chromosome 7 gains and chromosome 10 losses, present in more than 70% of the lines ([Fig. 6](#f0030){ref-type="fig"}A). This pattern was strikingly similar to that of the tumors in the TCGA cohort ([Fig. 6](#f0030){ref-type="fig"}B, Pearson correlation coefficient 0.72 across the genome) indicating that, in terms of genomic aberrations, our GC lines constitute a diverse and representative sampling of human GBM. Focusing on regions known to be recurrently altered in GBM, we analyzed the amplification and deletion frequency in the significantly altered regions reported by Brennan et al. ([@bb0045]). Regions containing the CDKN2A, EGFR and PDGFRA loci, showed no significant difference in aberration frequency ([Fig. 6](#f0030){ref-type="fig"}C). Loci with a significant difference in alteration frequency included 3q26.33 (containing SOX2) which was more frequently amplified in GC lines than in the TCGA material (p \< 0.01) and 17q11.2 (containing NF1) which was also more frequently amplified (p \< 0.001) ([Fig. 6](#f0030){ref-type="fig"}C). This discrepancy could reflect differences between the sample populations, or an enrichment of tumor cells in HGCC cultures. The HGCC and TCGA CNA patterns were largely similar at the level of individual subtypes (Table S7), with significant differences only in 17q11.2 (p \< 0.01), 3q13.31 (p \< 0.05) and 3p21.31 (p \< 0.05) which were more frequently amplified in HGCC Mesenchymal samples when compared to TCGA Mesenchymal samples (Table S8). The fact that most of the Mesenchymal GC lines did not form intracranial tumors in the NOD-SCID mice raised the concern that many of these lines might have originated from normal (non-cancerous) cells. To examine this possibility, we compared the CNA data for the GC lines that could (Fig. S4A) or could not (Fig. S4B) form macroscopic tumors and found highly similar genomic aberrations between the groups, demonstrating that the GC lines that did not form tumors were nonetheless also cancer cells.

3.7. Subtype Stability of the GC Lines *In Vitro* and *In Vivo* {#s0095}
---------------------------------------------------------------

To explore the degree to which the GC lines remained transcriptionally stable under diverse experimental conditions, we transplanted three different lines (U3020MG, U3047MG and U3065MG) intracranially to NOD-SCID mice; explanted the resulting tumors and cultured the cells for two passages, and then isolated RNA from the cell line prior to transplantation (U3020MG-p10, U3047MG-p7, U3065MG-p10), from the xenograft tumor and from the explanted cells ([Fig. 7](#f0035){ref-type="fig"}A). Transcript profiling followed by molecular subtype analysis ([Fig. 7](#f0035){ref-type="fig"}B) and Isomap representation ([Fig. 7](#f0035){ref-type="fig"}C) revealed that the Proneural U3047MG line remained Proneural throughout the entire experiment ([Fig. 7](#f0035){ref-type="fig"}B--C). The Mesenchymal U3020MG line changed to the Classical subtype in the xenograft tumor and remained Classical in the explanted cells ([Fig. 7](#f0035){ref-type="fig"}B--C). The other Mesenchymal line, U3065MG, changed to the Proneural phenotype in the xenograft tumor, but reverted to Mesenchymal the explanted GCs ([Fig. 7](#f0035){ref-type="fig"}B--C).

Altogether, these findings confirm to some extent the data by Bhat et al. where Proneural GCs were found to be more transcriptionally stable than Mesenchymal GCs when transferred from culture to xenograft ([@bb0035]). The drift in subtype could reflect a clonal selection similar to the mechanism of developing drug resistance ([@bb0030]), but could also be due to a differential sensitivity of the cells to respond to a new microenvironment, in particular in the case of U3065MG, since GCs were only cultured for two passages after the xenograft tumor was explanted. Systematic analysis of the plasticity and genetic diversity of our GC lines will be the subject of future work.

4. Discussion {#s0015}
=============

The development and pre-clinical validation of novel anti-cancer drugs require scalable, representative, and reproducible experimental models, typically established cell lines. Current large-scale efforts in this connection include the collection of NCI-60 human tumor cell lines (containing 6 GBM lines) ([@bb0215]), the translational Cancer Genomics program ([@bb0090]), and the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) ([@bb0020]) which includes 62 GBM samples. All these initiatives involve cultures grown in serum, which do not demonstrate the phenotypic properties of the tumor of origin. Furthermore, the origin of several of the cell lines has been questioned; in several instances STR profiling has revealed cross contamination or misidentification of established cell lines, including several GBM lines ([@bb0050]). Finally, for most of the publically available cell lines associated clinical data are lacking, which further reduces their value.

Since the initial reports on culturing human GC lines in serum-free neural stem cell medium ([@bb0140]), several groups have demonstrated the usefulness of this approach, where the phenotype of the cultured cells resembles that of the tumor of origin ([@bb0010], [@bb0285], [@bb0165], [@bb0200]). However, to date these cultures have not been established with the intention to be made publically available to researchers in general. Here, we have established a biobank of 48 cell lines derived from GBM tumors (the HGCC resource, Table S2), employing the neurosphere assay and the adherent monolayer protocol, two validated techniques for culturing GSCs. A large part of the HGCC panel is linked to the U-CAN biobank initiative ([www.u-can.uu.se](http://www.u-can.uu.se){#ir0025}), which, in addition to providing samples of frozen tumor tissue and patient blood, makes annotated clinical data for each patient available.

As a first step, sphere formation to remove tissue debris and red blood cells, as well as to enrich for GSCs was utilized ([@bb0285]). Although this neurosphere technique has been successful in establishing cultures with stem cell characteristics from malignant brain tumors ([@bb0105]), it has certain limitations. If not closely monitored neurospheres grow too large and begin to differentiate ([@bb0255]). Moreover, inadvertent fusion of spheres ([@bb0225]) can contribute to an undesirable heterogeneity in sphere size. Adherent cultures ([@bb0065]) allow the cells to be uniformly exposed to nutrients, oxygen and growth factors, in addition to monitoring of individual cells. Therefore, we subsequently plated the spheres onto laminin-coated dishes, thereby generating 53 expandable cell lines from 94 surgical GBM samples (Table S1), of which 48 were characterized in greater details (Table S2). The observation that patients whose tumors produced sustainable cultures exhibited poorer survival ([Fig. 1](#f0005){ref-type="fig"}A) shows that our culture conditions are appropriate for cells from the more aggressive tumors, although we also have cell lines from the tumors of long-term survivors (\> 2 years). A future challenge will be to improve the development of sustainable cultures from younger patients in order to extend the coverage of GBM heterogeneity in our biobank. Achieving this goal probably require extensive modification of the culture medium and solid substrate.

With few exceptions, our GC lines could be reliably classified with respect to molecular subtype, with all four subtypes being represented at about the same proportions as in the TCGA database. Because of the extensive intra-tumor heterogeneity of GBM tumors, with different samples and even individual cells from the same tumor being of different subtypes ([@bb0245]), we anticipated that our GC lines might differ phenotypically from the tumor of origin. Indeed, gene expression profiling revealed that only 45% of these lines displayed the same subtype as the tumor of origin, probably not only because of sample heterogeneity but also due to the presence of non-neoplastic cells (inflammatory cells, reactive astrocytes, vascular cells) in the tissue samples.

When subtype stability was tested in a small subset of GC lines ([Fig. 7](#f0035){ref-type="fig"}), two out of three were found to change their subtype following orthotopic xenotransplantation to NOD-SCID mice, although one of these reverted to the original subtype after explantation. Thus, in addition to local heterogeneity of cells of a particular subtype at any given timepoint, the profile of RNA expression within a given cell population can also alter. It is possible that in addition to tumor-stromal interactions, the tumor microenvironment may not only facilitate progression of GBM ([@bb0055]) but also influence classifier gene expression that leads to a shift in subtype.

All of the cells in our GC lines express the stem cell markers NESTIN and SOX2, indicating enrichment of GSCs in the cultures. This conclusion gains further support for the finding that most of the cell lines tested gave rise to large tumors that infiltrated the brain tissue, including the contralateral hemisphere. Since the invasive character of GBM is such a key factor in its dismal outcome, human cell lines that mimic this behavior in the mouse brain are potentially highly useful tools. Interestingly, most of the Mesenchymal GC lines injected did not give rise to macroscopic tumors after 20 weeks, even though these were confirmed to be tumor cells by CNA (Fig. S4). Instead, we detected viable human GCs, often diffusely spread, in most of the brains from these mice ([Fig. 5](#f0025){ref-type="fig"}G). The observation that all the cell lines that failed to produce a tumor were Mesenchymal suggests that this subtype may contain phenotypically distinct subgroups that should be explored. Other challenges will be to determine whether, given enough time, these scattered human GCs can give rise to GBM in mice, and whether they represent a distinct subset of the parental cell line.

In summary, we have created a highly relevant biobank of human GC lines that retain the most prominent characteristics of their original tumors. Our goal is to make this an open-source repository that will enable stratified studies of disease mechanisms and facilitate the development of novel treatment strategies. All ethical, legal and practical matters regarding sharing the cell lines are in place. A number of the HGCC cell lines have already been used in different types of investigations ranging from basic understanding of GBM biology ([@bb0210], [@bb0005], [@bb0270]), drug screening ([@bb0220]), drug discovery ([@bb0125]) and development of vectors for gene therapy ([@bb0290]). The HGCC resource enables accurate cell-based modeling of GBM and is connected with a database ([www.hgcc.se](http://www.hgcc.se){#ir0030}), which provides current molecular, phenotypic and clinical data on each cell line in a searchable fashion ([Fig. 8](#f0040){ref-type="fig"}A--B). This website will be continuously updated with links to future datasets. Specific ways in which the cell repository can be used as a resource for translational studies include i) selection of individual lines for *in vivo* modeling of GBM, ii) the use of cell line panels for comparative testing of compounds or candidate genes; or, iii) integrated analysis of HGCC lines in conjunction with public datasets, for instance to relate variability in tumor cells to that obtained in tumor tissue repositories such as TCGA ([Fig. 8](#f0040){ref-type="fig"}C).

GBM is only one of several types of cancer for which current therapy is inadequate and we hope that our present initiative will encourage other investigators to emulate and improve upon our model.
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![The GBM patient cohort: Molecular diversity and correlations between establishment of GC lines, survival and age. (A) Kaplan--Meier comparison of the survival of patients with GBM from whom sustainable cell lines could (solid line) and could not (dotted line) be established. Log-rank test, \*p \< 0.05. (B) Kaplan--Meier comparison of survival *versus* age. The oldest patients (71--82 years old, average 74) are above the third quartile, the intermediate ones (57--70, average 64) between first and third quartiles, and the youngest (21--56 years old, average 48) below the first quartile. Log-rank test, \*\*p \< 0.01. (C) Age distribution of the patients from whom a sustainable GC line could (average age 66 years) and could not (average age 59 years) be established. Student\'s t-test, \*\*p \< 0.01. (D) Isomap analysis of 48 GC lines and 529 TCGA tissue samples of known molecular subtypes.](gr1){#f0005}

![Molecular subtyping of GC lines and their corresponding tumor samples. (A) Forty-eight GC lines were analyzed by Affymetrix GeneChip Human Exon 1.0ST Arrays, followed by subtyping (indicated to the right of each bar) by applying a *k*-nearest neighbor classification in combination with bootstrapping. The variation in the fraction of times each cell line classified as Mesenchymal (MS, red bars), Neural (NL, green bars), Proneural (PN, magenta bars) or Classical (CL, blue bars) reflects the uncertainty of the assignment. The subtype assignment of each GC line is indicated to the right of each bar. \* = sample that failed to be analyzed on the Exon Array, the assigned subtype is based on gene expression analyzed on Human Transcriptome Array (see [Fig. 7](#f0035){ref-type="fig"}B). (B) Comparison of the predicted subtypes of 22 GC lines and the corresponding tumor tissue based on gene expression analysis by NanoString Technology. The fraction of times each cell line or tissue sample was assigned to the Mesenchymal (MS, red bars), Neural (NL, green bars), Proneural (PN, purple bars) or Classical (CL, blue bars) subtype is depicted and the final assignment indicated to the right or left of the bars, respectively. See also Table S2.](gr2){#f0010}

![Proliferation capacity of GC lines in relation to subtype and survival. (A) Kaplan--Meier comparing the survival of patients in relationship to the TCGA molecular subtype of the GC lines established from their tumors. (B) Growth curves for 31 GC lines of differing TCGA molecular subtypes. Based on their proliferative capacity on day 7, the cell lines below the first quartile were designated as "low proliferation", between the first and third quartiles as "intermediate proliferation", and above the third quartile as "high proliferation". (C) The GC lines categorized were listed in the order of highest to lowest proliferative capacity. (D) Analysis (Student\'s t-test) of the proliferative capacity of GC lines in relationship to their TCGA molecular subtype. (E) Kaplan--Meier plot comparing the survival of patients with GBM in relationship to the proliferative capacity (high, intermediate, and low) of the corresponding GC lines. Log-rank test, \*p \< 0.05.](gr3){#f0015}

![Expression of neural and glial protein markers by the GC lines. (A) Representative double immunofluorescence staining of cultured cells for SOX2 and GFAP, OLIG2 and NESTIN, and S100B and TUBB3. Scale bar = 50 μm. (B--E). The percentage of cells in 27 GC lines staining positively for (B) SOX2, (C) NESTIN, (D) GFAP, and (E) OLIG2.](gr4){#f0020}

![The tumorigenicity of the GC lines. (A--D) Kaplan--Meier graphs illustrating the survival of NOD-SCID mice injected intracranially with GC lines of the (A) Proneural (PN), (B) Neural (NL), (C) Classical (CL) and (D) Mesenchymal (MS) subtypes. (E) Summary of tumor formation and staining for STEM121 (human-specific). (F--G) H&E staining and immunostaining for STEM121 in the brains of mice injected with the U3024MG (F) or U3034MG (G) Mesenchymal GC lines. Black scale bar = 500 μm, white scale bar = 50 μm. (H) Kaplan--Meier graph comparing survival of NOD-SCID mice injected with GC lines of different subtypes. (I) H&E stainings of secondary tumors in NOD-SCID mice (left column) and the human tumor from which the cell line was derived (right column). Scale bar = 50 μm. See also Fig. S3.](gr5){#f0025}

![Genomic similarity of the GC lines to the TCGA GBM tissue samples. Genomic copy number variation analysis in (A) the 48 GC lines, and (B) 509 GBM samples from the TCGA tumor tissue cohort. (C) CNA variation in the GC lines of different subtypes shows similar trends as the TCGA data; the heat map shows amplifications (red) and deletions (blue) for a selected set of regions (rows) previously reported ([@bb0045]). Significant difference (Chi-squared p-value, Holm correction) in alteration frequency was found for 3q26.33 (containing the SOX2 locus, p \< 0.01) and 17q11.2 (containing NF1, p \< 0.001) which was amplified at a higher frequency in our GC lines compared to TCGA.](gr6){#f0030}

![Stability of the molecular subtypes in GC cell line culture and *in vivo*. (A) Schematic overview of the procedure. (B) Molecular subtype based on gene expression as determined with the Affymetrix Human Transcriptome Array 2.0. The proportion of times each cell line or tissue was assigned to the Mesenchymal (MS, red bars), Neural (NL, green bars), Proneural (PN, magenta bars) or Classical (CL, blue bars) subtype is depicted by the bars, and the final assignment is denoted to the right of the bars. (C) Isomap of samples from the analysis of subtype stability with 529 TCGA GBM tissue samples as reference.](gr7){#f0035}

![Overview of how the HGCC biobank will support translational brain tumor research. We provide a large-scale, open access repository of patient-derived GBM cell cultures matched with clinical data (A) that enables accurate cell-based modeling of GBM diversity. Coupled to the cell bank we make available a user-friendly data repository (B) to support users in their selection of HGCC lines with particular properties, molecular subtype or marker expression. We foresee a multitude of applications (C), such as single/oligo cell line studies of *e.g.* candidate genes and mechanisms *in vitro* and *in vivo* (xenograft modeling), multi-cell line studies, *e.g.* screening for inhibitory compounds or siRNAs, and data mining in relation to other publically available data sets.](gr8){#f0040}
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